A temporal study is reported of the febrile responses, tissue bacterial contents, and serum concentration of the lysosomal enzymes, ,B-glucuronidase and lysozyme, in nonimmune rats inoculated with virulent or attenuated strains of Francisella tularensis, and in immune rats challenged with either a high or low dose of virulent organisms. The level of serum f3-glucuronidase appears to be an indicator of hepatocyte damage, whereas serum lysozyme correlates with the appearance, frequency, and severity of pyogranulomatous lesions. Survival of nonimmune rats after a challenge with either virulent or attenuated organisms appears to depend on a balance between dose of bacterial inoculum, celerity of irreversible pathologic events, and the ability of the reticuloendothelial and immune systems to collaboratively mount a response to limit or prevent dissemination of the infection. In immune rats, infection of parenchymal hepatic cells does not occur after a low dose (104) virulent challenge. Infection of parenchymal hepatic cells, however, does occur in immunized rats when the challenge dose is sufficiently large (108) so as to overcome the capacity of the reticuloendothelial to clear opsonized organisms.
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Previous studies on the pathogenesis of tularemia in the rat have investigated the effects of prior inoculation of various strains of Francisella tularensis on the immune response and survival rate after subsequent virulent challenge (3, 5, 6, 16) . Only recently have the pathogenesis and comparative lesions of tularemia in rats after infections with virulent or vaccine strains of F. tularensis been described (14) . To further characterize the pathogenesis of tularemia in rats we now report the temporal examination of febrile responses, tissue bacterial contents, and serum concentrations of the lysosomal enzymes, f-glucuronidase and lysozyme, in nonimmune rats inoculated with virulent or attenuated strains of F. tularensis and in immune rats challenged with either a high or low dose of virulent organisms. A correlation between serum lysozyme levels with frequency and severity of pyogranulomatous lesions is reported. Marked alterations in serum f3-glucuronidase occurred only in rats which did not survive. These data are discussed relative to proposed sequences of pathogenic events. 
MATERIALS AND METHODS
Cultures of virulent (SCHU S4) and attenuated (LVS) strains of F. tularensis were prepared as previously described (14) .
Male, Fisher-Dunning white rats weighing approximately 200 g were supplied by Microbiological Associates, Inc., Bethesda, Md. Rats were fed Purina pellets and maintained in light-and temperature-controlled quiarters.
Experimental rats were inoculated intraperitoneally with 1-ml aliquots of either 104 LVS (NA4) or SCHU S4 (NV4 (Fig. 2, left column) showed a trend toward an increased agglutinating antibody titer, a lowgrade fever at 48 h postinfection, and tissue bacterial contents which were less than 1% of those found in nonimmune rats. Whereas no increases in serum 0-glucuronidase were found, lysozyme was slightly elevated during days 4 to 7.
IV8 rats (Fig. 2 , right column) were febrile during the 24 to 72 h period after challenge. While a marked elevation in serum lysozyme activity was observed throughout the experi- 12, 1975 on October 25, 2017 by guest http://iai.asm.org/ Downloaded from the blood (1, 2, 7) . The latter cells contain 20 times as much f-glucuronidase activity as Kupffer cells (9) and contribute over 95% of the total 3-glucuronidase content of' liver. In patients with different liver disorders, elevated serum f-glucuronidase activity has been shown to be a sensitive indicator of' liver parenchymal cell damage (15) . In contrast to hepatic parenchymal cells, phagocytes contain high concentrations of lysozyme in their granules and are the most likely source of the enzyme for most tissues of the body (8, 12) . Release of lysozyme by neutrophils during phagocytosis and degradation of senescent phagocytes with subsequent release of lysozyme is thought to account for its presence in serum (18) ; hence, elevations of serum lysozyme levels are found in myeloid and monocytic leukemias and in granulomatous diseases such as tuberculosis (19) and sarcoidosis (18) .
In the present study, an increase in activity of the lysosomal enzymes, 3-glucuronidase and lysozyme. was observed in serum after inoculation of' nonimmune rats with F. tularensis. Dissimilarity in time of appearance and/or magnitude of enzyme changes indicates that different cell types independently contribute to the elevated serum activity of each hydrolase. Invasion of liver cells by F. tularensis, intracellular proliferation of bacteria, and necrosis of hepatic parenchyma are consistent components in the pathogenesis of tularemia (10, 11, 21) . Hence, f-glucuronidase from damaged or necrotic hepatocytes can account for the elevated levels of' serum 3-glucuronidase of tularemic rats. We further propose that recruitment of phagocytes to necrotizing foci with subsequent phagocytosis of cell debris, and perhaps the organism itself, results in release of lysozyme and other nonspecific mediators of inflammation (e.g., pyrogen). In rats given attenuated organisms (group NA4), only a transient rise in serum 3-glucuronidase occurred, suggesting that destruction of hepatocytes was limited. Amelioration of infection in NA4 rats occurred concomitantly with the appearance of specific serum antibody. It is likely, therefore. that appearance of humoral antibody and/or development of cellular immunity prevented the dissemination of organisms by enhancing the clearance of opsonized bacteria by the reticuloendothelial system (RES) before induction of irreversible pathological changes. The observation that large inocula of attenuated organisms can kill rats indicates that a delicate balance exists between infectious dose, celerity of irreversible pathologic events, and the ability of the RES and immune system to limit or prevent dissemination of the disease.
In nonimmune rats (NV4) infected with the virulent strain, the rise in serum 3-glucuronidase that occurred before the increase in lysozyme supports the tenet that hepatocellular damage precedes a phagocytic cell response, and furthermore, in contrast to infection with the attenuated LVS strain, the nearly linear increases in ,B-glucuronidase activity attests to the fact that damage of hepatocytes is not limited but, rather, is rapid and extensive. This may reflect a greater affinity of SCHU S4 for hepatocytes resulting in an increased number of infectious foci, or an inability of phagocytes to kill this organism rapidly enough to prevent extensive dissemination. The latter interpretation is consistent with published observations that phagocytes in culture inactivate fully virulent strains of F. tularensis at a much slower rate than less virulent strains (20) .
The absence of histopathological lesions and serum f-glucuronidase release IV4 rats suggests that infection of' hepatocytes does not occur. Opsonization of organisms by immune serum most likely increases the capacity of the RES to phagocytize the organism and prevents invasion of hepatocytes. The presence of some bacteria in liver and spleen, and the minor elevations in fever and serum lysozyme activity, however, suggests that the RES cells in these tissues are capable of ingesting and limiting, but not totally preventing, growth of virulent F. tularensis.
The early febrile response evoked in immune rats challenged with 108 virulent organisms indicates that the number of opsonized organisms presented to the RES was sufficient to promote rapid release of pyrogen. The increase in serum lysozyme, occurring prior to the rise in ,B-glucuronidase, represents a sequence of responses unlike that observed in any other experimental groups and suggests that a large number of opsonized organisms were rapidly phagocytized. The high tissue bacterial counts and the transient appearance of f-glucuronidase further suggest that the capacity of the RES to clear SCHU S4 was overwhelmed by the large number of bacteria administered; infection of parenchymal cells ensued as demonstrated by the extensive number of necrotizing lesions in both liver and spleen. The resulting phagocytic involvement resulted in substantial release of lysozyme. However, unlike the response observed in nonimmune rats, hepatocellular damage in immune animals did not go unchecked; the spread of infection was probably limited by immune phagocytes culminating in clearance of the infecting organism and survival of the rat.
